Translation plays an important role in the regulation of gene expression and is implicated in the control of cell growth, proliferation, and differentiation. In eukaryotes, initiation is the rate-limiting step of translation in most circumstances and is a major target for regulation (reviewed in reference 18). The 5Ј cap structure (m 7 GpppN, where m is a methyl group and N is any nucleotide) of the mRNA is recognized by the eukaryotic initiation factor 4F (eIF4F) complex. eIF4F is comprised of three subunits: (i) eIF4E, the cap binding protein; (ii) eIF4A, a bidirectional ATP-dependent RNA helicase; and (iii) eIF4G, a modular scaffolding protein, which possesses binding sites for eIF4E and eIF4A and recruits the 40S ribosomal subunit to the mRNA via its interaction with eIF3 (20) . The 3Ј poly(A) tail of the mRNA is bound by the poly(A) binding protein (PABP). PABP is a phylogenetically conserved protein that functions in mRNA stability and translation (48) . PABP is an essential protein: in Saccharomyces cerevisiae, deletion of the PAB1 gene is lethal (49) and a P-element insertion in the Drosophila melanogaster PABP gene is embryonic lethal (53) . PABP is an ϳ630-amino-acid (aa) protein containing four RNA recognition motifs (RRMs) arranged in tandem and a proline-rich C-terminal domain (reviewed in reference 24). RRMs 1 and 2 are the major contributors to the poly(A) binding activity of PABP (10, 30) . PABP directly interacts with eIF4G, leading to circularization of the mRNA by bridging the 5Ј and 3Ј extremities (closed-loop model) (40, 48) . The closedloop model explains the synergistic enhancement of translation by the 5Ј cap structure and the 3Ј poly(A) tail of the mRNA (15) . By joining the 5Ј and 3Ј ends of the mRNA, circularization may facilitate recycling of ribosomes, initiation complex formation, or the 60S ribosome-joining step (24, 52) .
Our group has identified two human proteins that interact directly with PABP: Paip1 and Paip2 (PABP-interacting proteins 1 and -2). Paip1 stimulates, while Paip2 represses, translation (8, 27) . Paip2 inhibits translation by reducing the binding of PABP to the poly(A) tail and by competing with Paip1 for binding to PABP. Paip1 and Paip2 share two conserved PABPinteracting motifs (PAMs). PAM1 consists of a stretch of acidic amino acids in the middle of Paip2 (aa 22 to 75) and at the C terminus of Paip1 (aa 440 to 479), and it binds strongly to RRMs 2 and 3 and to RRMs 1 and 2 of PABP, respectively (25, 45) . The second binding site, PAM2, also called the PABP C-terminal binding motif, resides in the C terminus of Paip2 (aa 106 to 120) (25) and the N terminus of Paip1 (aa 123 to 137) (45) . PAM2 consists of a short stretch of 15 aa and binds to the C terminus of PABP (within aa 546 to 619) with a lower affinity (ϳ10-and ϳ200-fold for Paip1 and Paip2, respectively) than that of the PAM1-PABP interaction (25, 45) . PAM2 is also found in several additional proteins, including eukaryotic release factor 3 (eRF3), ataxin 2, and transducer of ErbB-2 (Tob) (11, 29) . Thus, Paip2 and Paip1 might compete with some of these PAM2 binding partners to regulate PABP function.
To study the biological role of Paip2, the Drosophila homologue of the human Paip2 (hPaip2), dPaip2, was isolated and characterized. Its ability to interact with Drosophila PABP (dPABP), inhibit translation, and interfere with dPABP poly(A) binding activity was demonstrated. Importantly, dPaip2 inhibits growth in flies.
MATERIALS AND METHODS
Cloning of dPaip2. Five partially sequenced expressed sequence tags (ESTs) (LD06786, LD15606, LD07934, LP05812, and GH10535) containing the dPaip2 cDNA were identified in the Berkeley Drosophila Genome Project database (46) based on their homology to hPaip2 (GenBank no. AF317675). These EST plasmids were obtained from Research Genetics and fully sequenced. By assembling the sequences of these ESTs, we determined the full-length dPaip2 cDNA sequence (Fig. 1A) .
Western blotting was performed as previously described (45) with the following antibodies: rabbit crude anti-dPaip2, anti-dPABP, and anti-GST (M. Miron and N. Sonenberg, unpublished data) diluted at 1:1,000, 1:5,000, and 1:1000, respectively.
Cell culture and protein extracts. Drosophila Schneider 2 (S2) cells (51) were grown at 27°C in Schneider's medium (Gibco-BRL) supplemented with 10% heat-inactivated fetal bovine serum (Gibco-BRL). The S2 cells (7 ϫ 10 6 ) were seeded in a 60-mm-diameter dish 16 h prior to transfections. For transfection experiments, 2 g of pPacPL, pPacPL-dPaip2(ORF), pPacPL-dPaip2(FL), or pPacPL-HA-dPaip2 was mixed with 16 l of Enhancer and 25 l of Effectene reagent (Qiagen) according to the manufacturer's instructions. Cells were harvested 48 h posttransfection for Western blot analysis. Briefly, S2 cells were scraped in 1ϫ PBS, pelleted, rinsed twice with 1ϫ PBS, and resuspended in 1ϫ Passive lysis buffer (Promega) containing a protease inhibitor cocktail (Roche). This suspension was subjected to two freeze-thaw cycles, and cell debris was removed by a 10-min centrifugation at 16,000 ϫ g. The protein concentrations of the supernatants were determined using the Bio-Rad protein assay.
Immunoprecipitation. S2 cell extracts (300 g) were diluted to 500 l with 1ϫ PBS supplemented with 0.2% NP-40 and incubated end over end with either rabbit polyclonal anti-dPaip2 (5 l) or preimmune serum (5 l) for 3 h at 4°C. A 50% slurry of protein A-Sepharose (20-l bed volume; APB) was added to the mixture and incubated for an additional hour at 4°C. The mixture was centrifuged at 1,000 ϫ g for 30 s, and the resin was washed three times with 500 l of 1ϫ PBS supplemented with 0.2% NP-40. Proteins were eluted with 1ϫ Laemmli sample buffer (50 l), and 25 l was processed for Western blotting or farWestern analysis.
Far-Western analysis. The far-Western analysis procedure was previously described (26, 45) . 32 P-labeled His-HMK-dPABP was used as a probe at a concentration of 250,000 cpm/ml.
Fly strains and analysis. Transgenic flies were generated by microinjections of yw (yellow-white) embryos with pUAS-HA-dPaip2 for P-element-mediated germ line transformation according to standard protocols (2, 47) . Six independent UAS-HA-dPaip2 lines (I to VI) were established. All genetic experiments described below were performed at 25°C.
For overexpression of dPaip2 in wings, UAS-HA-dPaip2 flies were crossed with MS1096-Gal4 flies, which drive expression of Gal4 throughout the wing disc (with the highest expression levels in the dorsal pouch) (6) . The wings were dissected, mounted on a glass slide, and photographed, and their sizes, cell numbers, and cell densities were determined as previously described (38) . Wing discs of 116-h-old (after egg deposition [AED]) third-instar larvae were also dissected, fixed, mounted, and measured as previously described (38) .
For overexpression of dPaip2 in eyes, UAS-HA-dPaip2 flies were crossed with GMR-Gal4 flies, which drive the expression of Gal4 throughout the eye-imaginal disc (12) . The flies were dehydrated gradually with increasing concentrations of ethanol and prepared by the hexamethyldisilazane method (59) . The samples were then coated with gold, mounted, and observed with a scanning electron microscope. Ommatidia in the middle of the eye were measured using the Histogram function of Adobe Photoshop.
The flipase (FLP)-out technique (56) was used to induce clones of cells overexpressing dPaip2 and coexpressing the cell marker GFP-nls (green fluorescent protein fused to a nuclear localization signal) in different Drosophila tissues. The yw hs-FLP122/ϩ; ϩ; ActϾCD2ϾGal4 UAS-GFP-nls (where "Ͼ" represents the FLP recombinase target site) fly line (41) was used to generate those clones. The number of cells per clone in wing discs of 116-h-old (AED) third-instar larvae was determined as previously reported (38) . The doubling time of cells in these clones was calculated as described previously (9) . The larval fat bodies of 116-h-old (AED) third-instar larvae containing clones were dissected and analyzed by histology as previously described (38) S2 cell-free translation extracts and in vitro translation assays. S2 cells were grown (see above) to a density of 10 ϫ 10 6 to 15 ϫ 10 6 cells/ml, and 200 ml was harvested by centrifugation at 3,000 ϫ g. Cells were collected, and the translation extracts were prepared as described previously (3) . Luciferase (Luc) mRNAs were used as reporter genes, and luciferase activity was assayed using the Luciferase assay kit (Promega) with a Lumat LB 9507 bioluminometer. Translation reaction mixtures (12 l) containing 8 l of S2 cell-free translation extracts, 20 mM HEPES-KOH, pH 7.6, 8 mM creatine phosphate, 0.5 mM spermidine, 0.2 mM GTP, 1 mM ATP, 20 M amino acids, 150 mM potassium acetate, and 0.66 mM magnesium acetate were programmed with 50 ng of c ϩ LucA ϩ mRNA. Buffer B (10 mM HEPES-KOH, pH 7.6) or various amounts of recombinant GST or GST-dPaip2 (diluted in buffer B) were added to the reaction mixtures. Following 60 min of incubation at 27°C, 3-l aliquots were removed and added to 12 l of 1ϫ Reporter lysis buffer (Promega) and assayed for luciferase activity. The remaining 9 l of translation reaction mixtures was used for RNase protection assays as described below.
RNase protection assays. To isolate mRNA from in vitro translation mixtures, 50 l of deproteinization buffer (20 mM Tris-HCl, pH 8.5, 100 mM NaCl, 2 mM EDTA, 1% SDS, 0.2 mg of yeast tRNA/ml) was added to 9 l of translation samples. RNA was extracted with phenol-chloroform and was then ethanol poly(A) tail-labeled mRNA (c ϩ LucA ϩ *) was purified on a ChromaSpin column TE-30 (Clontech) and scintillation counted. In vitro translation reaction mixtures (20 l) were prepared as described above, but c ϩ LucA ϩ * mRNA (ϳ80 ng) was used instead of the c ϩ LucA ϩ mRNA. The reaction mixtures were incubated for 15 min at 27°C and then transferred onto a glass plate, placed on ice, and irradiated at 4°C for 30 min with a UV lamp (254 nm) at a distance of ϳ1 cm. The mixtures were then nuclease treated for 20 min at 37°C in the presence of 5 mM CaCl 2 , 0.15 g of RNase A/l, and 0.15 U of micrococcal nuclease (S7 nuclease; Roche)/l. Half of each of the reaction mixtures (10 l) was analyzed by autoradiography and Western blotting, while the rest was subjected to immunoprecipitation. For immunoprecipitations, the mixtures were diluted to 150 l with 1ϫ PBS-0.1% SDS and incubated for 30 min at 30°C. Then, 150 l of 1ϫ PBS-0.5% NP-40 was added to the samples with either rabbit polyclonal antidPABP (5 l) or preimmune serum (5 l) prebound to protein A-Sepharose (20-l bed volume; APB). Following washing of the resin, the proteins were eluted as described above.
Nucleotide sequence accession number. The complete assembled sequence of the dPaip2 cDNA has been deposited in GenBank under accession no. AY333418.
RESULTS
Cloning of dPaip2. The dPaip2 cDNA was identified based on sequence homology with hPaip2 by searching the Berkeley Drosophila Genome Project database (46) . dPaip2 is a single gene (GenBank accession no. AE003698; Gadfly no. CG12358), while two different genes exist in humans (GenBank no. AF317675 and AB032981). The complete assembled sequence of the dPaip2 cDNA is shown in Fig. 1A . The dPaip2 mRNA (2,040 nt) contains two polyadenylation signals (58) at positions 1012 and 2017. Two different mRNAs, which are likely generated by alternative polyadenylations, are expressed in flies, as Northern blot analysis detects two RNA species of the expected sizes (ϳ1,000 and ϳ2,000 nt; data not shown). Both dPaip2 mRNAs encode a 124-aa protein with a predicted molecular mass of 14.6 kDa. dPaip2 shows 40% identity and 48% similarity to hPaip2 at the amino acid level (Fig. 1B) . The two PAMs are highly conserved. Interestingly, PAM1 contains a stretch of 11 aa (aa 34 to 44 in dPaip2) that is 100% conserved between Drosophila and humans (Fig. 1B) , consistent with its importance for PABP binding. Alignment of dPaip2 cDNA and genomic DNA sequences reveal that the dPaip2 gene is composed of four exons and three introns and that the gene is localized to chromosome 3R in cytological region 87D6 to 87D7 (Fig. 1C) (1, 13) .
dPaip2 interacts with dPABP in vitro and in transfected S2 cells. To ensure that the isolated dPaip2 is a functional hPaip2 homologue, its ability to interact with dPABP was examined. dPaip2 was expressed as a GST fusion protein for GST pulldown experiments ( Fig. 2A) . The recombinant proteins used in this experiment were largely intact (lanes 1 to 3, input). GSTdPaip2, but not GST, interacted with dPABP (compare lanes 4 and 5), demonstrating that dPaip2 is a PABP-interacting protein. This interaction is independent of RNA, since treatment of the proteins with a combination of RNase A and micrococcal nuclease did not diminish the binding (data not shown).
To investigate the interaction of dPaip2 and dPABP in Drosophila cells, antibodies were raised against dPaip2 and dPABP in rabbits. S2 cells were transfected with plasmids encoding dPaip2 or hemagglutinin (HA)-tagged dPaip2. dPaip2 is expressed at very low levels in S2 cells (Fig. 2B, lane 1) ; however, Western blotting using dPaip2 antiserum detected a polypeptide migrating at ϳ24 kDa in extracts transfected with dPaip2 constructs expressing just the open reading frame or full-length cDNA (lanes 3 and 4, respectively). The protein detected in extracts transfected with HA-dPaip2 migrated more slowly, as expected (lane 2). The apparent migration of dPaip2 on SDSpolyacrylamide gels differs substantially from the predicted molecular mass (14.6 kDa), but an anomalous migration on SDS-polyacrylamide gel electrophoresis (PAGE) was also observed for hPaip2 (27) , probably due to the very acidic nature of hPaip2 (pI, 3.9) and dPaip2 (pI, 3.6). To demonstrate that exogenous dPaip2 is able to interact with dPABP, coimmunoprecipitations were performed (Fig. 2C) . dPABP coprecipitated with dPaip2 antiserum but not with preimmune serum (lanes 2 and 3) . We also performed far-Western analysis using 32 P-dPABP as a probe (Fig. 2D) . dPaip2 was detected following immunoprecipitation with anti-dPaip2 serum but not with preimmune serum (lanes 2 and 3) . These results confirm that dPaip2 interacts with dPABP in Drosophila cells.
Overexpression of dPaip2 in Drosophila wings. Cell growth is strongly dependent on the cellular translation capacity (for reviews, see references 22 and 57). It was therefore of interest to determine whether dPaip2 affects growth. To this end, we generated transgenic fly lines for ectopic overexpression of dPaip2 using the UAS-Gal4 system (2). Two independent UAS lines, UAS-HA-dPaip2
I and UAS-HA-dPaip2 II (hereafter referred to as dPaip2 I and dPaip2 II ) were used to overexpress dPaip2 in different Drosophila tissues. First, to investigate whether dPaip2 inhibits growth in proliferating cells, dPaip2 was overexpressed in the wing-imaginal disc using the MS1096-Gal4 driver (6) . Overexpression of the dPaip2 I or dPaip2 II transgene in male wings had no effect on the wing patterning but caused a statistically significant reduction of the overall wing size (91.5% Ϯ 0.8% and 94.0% Ϯ 0.2% of control wings, respectively) ( Fig. 3A to C and Table 1 ). As a control for the Gal4 driver expression, we overexpressed the Drosophila 4E-BP from the UAS-d4E-BP(LL) w line [hereafter referred to as d4E-BP(LL) w ] (38) and obtained a wing size reduction (78.1% Ϯ 1.5% of the control wings) (Fig. 3D) , in agreement with a previous report (38) . We also examined wing-imaginal discs from third-instar larvae (Fig. 3E to H Table 1 ). The reduction in cell numbers seen with the dPaip2 I , and dPaip2 II alleles was accompanied by a minor decrease in cell density, and as a result, a minor increase in cell size (Table 1) . However, fluorescence-activated cell sorter analysis (mean forward light scatter) of dissociated wing-imaginal disc cells of clones coexpressing dPaip2 and GFP induced by the FLP-out technique (56) failed to detect a size difference compared to normal cells (data not shown). The reduction in cell numbers could be caused by either apoptosis or inhibition of proliferation or growth. Wing-imaginal discs overexpressing dPaip2 I and dPaip2 II (using the MS1096-Gal4 driver) were stained with acridine orange and showed no significant increase in the number of apoptotic cells compared to control discs (data not shown), suggesting that apoptosis is not the primary cause of cell number reduction.
To examine the possible role of dPaip2 in cell proliferation or growth, clones of cells expressing GFP alone (control) or coexpressing GFP and dPaip2 were induced in the wing-imaginal disc 72 h after egg deposition and analyzed 44 h after induction (Fig. 3 I to L) . Control clones contained on average five or six cells per clone (26% of the clones), while the dPaip2 I -and dPaip2 II -expressing clones contained one or two cells (72 and 60%, respectively). d4E-BP(LL) w clones also contained fewer cells than the control clones, as previously reported (38) . In addition, approximately the same number of clones were recovered from control and dPaip2-overexpressing wing discs. Pyknotic nuclei, which are characteristic of apoptotic cells (55), were not observed in the dPaip2-overexpressing clones, excluding apoptosis as a significant cause of cell number reduction. The reduction in the number of cells per clone could result from a defect in cell division or growth. In general, cell growth is dominant over proliferation, as cells need to reach a critical size for cell division to occur (42, 50) . Consequently, reducing the growth rate usually causes retardation of cell division (for a review, see reference 22). In agreement with these observations, dPaip2 clones are smaller than the control, as they consist of fewer cells of the same size. Also, inhibition of proliferation usually leads to an increase in cell size (22), which is not the case with dPaip2 overexpression. In fact, dPaip2 cells take more time than control cells to reach the critical size necessary for cell division (doubling time, ϳ17 and ϳ44 h for control and dPaip2 clones, respectively). Thus, the cell number reduction phenotype is most likely a consequence of inhibition of cell growth. This is supported by the growth inhibition phenotypes observed in nonproliferating cells of the eye and of the larval fat body (see below). Epistatic interaction between dPaip2 and dPABP. To provide further evidence that the wing size reduction observed upon dPaip2 overexpression was due to a difference in dPaip2 levels, we cooverexpressed dPaip2 I and dPaip2 II (hereafter referred to as double-dPaip2 flies) under the control of the MS1096-Gal4 driver. The wings of double-dPaip2 flies are smaller than the wings of flies with dPaip2 I and dPaip2 II alone (85.3% Ϯ 2.0%, 91.5% Ϯ 0.8%, and 94.05 Ϯ 0.2% of control wings, respectively) ( Table 1) , and this size reduction is additive. To investigate if the phenotype of dPaip2 overexpression was mediated through its interaction with dPABP, we cooverexpressed dPABP (from the UAS-dPABP allele) (53) this phenotype was slightly increased by overexpression of dPaip2 II (94.0% Ϯ 1.0% and 91.3% Ϯ 0.6% of control wings, respectively) ( Table 1) . Similarly to the dPaip2 overexpression phenotype, the wings of dPABP-heterozygous animals also had fewer cells than control wings, and the size of these cells was not altered (Table 1) . Together, these experiments show an epistatic interaction between dPaip2 and dPABP. Furthermore, they show that a reduced amount of PABP [as in P(10970)] causes a size reduction phenotype, highlighting the importance of PABP in growth. These results also provide in vivo evidence to support the in vitro dPaip2 and dPABP interaction data (Fig. 2) .
Overexpression of dPaip2 in Drosophila eyes. To support the observation that dPaip2 affects growth, dPaip2 expression was targeted to the eye-imaginal disc using the GMR-Gal4 driver (12) . This driver allows the expression of transgenes late in eye development, during the differentiation of postmitotic cells (14) . Thus, it is ideal for the investigation of the effects of dPaip2 on cell growth without interference from proliferation effects. Upon overexpression of the dPaip2 I , dPaip2 II , and d4E-BP(LL) w transgenes in eyes, no gross abnormalities in the overall shape or patterning of the eye was observed (Fig. 4A to  D) . The sizes of individual ommatidia in a flat region in the middle of the eye were measured (Fig. 4E to H) . Ommatidia overexpressing the dPaip2 I , dPaip2 II , and d4E-BP(LL) w transgenes were smaller than the control (89.8% Ϯ 1.9%, 88.6% Ϯ 1.7%, and 81.6% Ϯ 1.2%, respectively) ( Table 2 ). The total number of ommatidia per eye was not significantly changed by overexpression of the dPaip2 I and dPaip2 II transgenes (687 Ϯ 19 and 703 Ϯ 10, respectively, compared to 707 Ϯ 13 for control eyes) ( Table 2 ). These results demonstrate that in the absence of proliferation, such as in differentiating eye cells, dPaip2 inhibits growth.
Overexpression of dPaip2 in Drosophila larval fat body. To further support the conclusion that dPaip2 primarily inhibits growth, we induced clones of cells overexpressing dPaip2 in another postmitotic tissue, the larval fat body. Polyploid fat body cells undergo successive rounds of DNA synthesis without mitosis and are not subjected to apoptosis (4) . The sizes of fat body cells expressing GFP alone are not different from those of neighboring cells that do not express GFP (average size, 98.9% Ϯ 2.0% of that of the GFP-negative cells) (Fig. 5A  to D) . However, fat body cells which coexpress GFP with the dPaip2 I , dPaip2 II , or d4E-BP(LL) w transgene are significantly smaller than neighboring cells that do not express GFP and the transgene (average size, 78.6% Ϯ 2.2%, 77.6% Ϯ 2.8%, and 67.0% Ϯ 3.0% of that of the GFP-negative cells, respectively) ( Fig. 5E to P) . These results provide compelling evidence that dPaip2 inhibits the growth of nonproliferating fat body cells. Taken together, our results clearly demonstrate that dPaip2 plays a critical role in cell growth in several Drosophila tissues.
dPaip2 represses translation and inhibits dPABP-poly(A) tail interaction in a Drosophila cell-free translation system. To gain insight into the molecular mechanisms by which dPaip2 inhibits cell growth, its ability to repress translation and to interfere with the binding of PABP to the poly(A) tail of an mRNA was examined. We used a cell-free translation system from Drosophila S2 cells and luciferase as the reporter mRNA. The S2 cell-free translation system was optimized for salt and mRNA concentrations to reproduce the 5Ј-3Ј synergy that is c Generated by comparing total size of wing with control value. d Area 1 is bound by the ACV LII, and LIV veins, and the wing margin and the size of this area were assessed as described in note b. e Generated by comparing size of area 1 with control value. f Assessed by counting the number of bristles (each representing a single cell) in a small area of 22,500 m 2 just distal to the wing margin. This small area is comprised within area 1. g Reciprocal of the cell density. h Estimation of cell number in area 1 generated by multiplying size of area 1 by cell density. i Generated by comparing number of cells in area 1 with control value. j P Ͻ 0.0001. k P Ͻ 0.05. l P Ն 0.05.
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on February 27, 2014 by PENN STATE UNIV http://mcb.asm.org/ observed in vivo for translation of an mRNA that is both capped and polyadenylated (16) . The synergy was calculated as the fraction of translation of a capped-polyadenylated mRNA divided by the sum of the translations of noncapped-polyadenylated and capped-nonpolyadenylated mRNAs [c
. Under optimized conditions, we observed a 2.9-fold synergy between the cap and the poly(A) tail. The c ϩ
LucA
ϩ mRNA was translated ϳ4-and ϳ15-fold better than c ϩ LucA Ϫ and c Ϫ LucA Ϫ mRNAs, respectively (data not shown). We confirmed by RNase protection assays that the difference observed in the translation of these mRNAs cannot be attributed to differences in mRNA stability (data not shown). Thus, this S2 cell-free translation system is cap and poly(A)-tail dependent.
To examine the effect of dPaip2 in the S2 in vitro translation system, extracts were programmed with 50 ng of c ϩ LucA ϩ mRNA in the presence of exogenous GST or GST-dPaip2. The addition of GST-dPaip2 resulted in a dramatic inhibition of translation of the reporter mRNA, whereas GST had no effect (Fig. 6A) . At the highest concentration of GST-dPaip2 tested, 500 nM, translation was impaired by ϳ80%. To exclude the possibility that GST-dPaip2 affects the stability of the reporter mRNA, RNase protection assays were performed on cell-free translation mixtures after 60 min of translation (Fig. 6B ).
There was no significant difference between the levels of luciferase mRNA in the presence of GST or of GST-dPaip2, as determined by quantification of the protected fragment (Fig.  6B , compare lanes 5 to 7 to lanes 8 to 10). As the difference in translation was not due to a difference in reporter mRNA stability, dPaip2 is a bona fide inhibitor of translation.
To determine whether dPaip2 interferes with the binding of PABP to the poly(A) tail of an mRNA, UV cross-linking experiments were performed (Fig. 6C) kDa band to the labeled poly(A) tail (Fig. 6C, top) . Western blot analysis demonstrated that the radiolabeled protein comigrated with dPABP (Fig. 6C, bottom) . To confirm the identity of the radiolabeled protein as dPABP, immunoprecipitation with anti-dPABP antibody was performed (Fig. 6D) . Mixtures containing exogenous GST, but not those containing GSTdPaip2, precipitated a significant amount of the radiolabeled dPABP (compare lanes 2 and 3). Preimmune serum failed to precipitate the labeled proteins (lane 4). A UV-cross-linked mixture containing GST was run on the gel as a control without immunoprecipitation (lane 1, input). These results demonstrate that dPaip2 inhibits the binding of dPABP to the poly(A) tail of an mRNA. The results also support the conclusion that Paip2 inhibits translation by disrupting the interaction between PABP and the mRNA poly(A) tail, thereby preventing the formation of the mRNA closed loop, which is important for efficient translation initiation (27) . They also prove the usefulness of the S2 cell-free translation system for studying proteins implicated in translation in Drosophila. Taken together, these experiments demonstrate that dPaip2 is the bona fide homologue of the human Paip2 because it possesses all its known characteristics: (i) it interacts with dPABP, (ii) it represses translation, and (iii) it interferes with the ability of dPABP to bind poly(A). Thus, dPaip2 inhibits cell growth by repressing translation.
DISCUSSION
We have shown that dPaip2 reduces growth without altering patterning in several Drosophila tissues, including the larval fat body, eyes, wings, and wing-imaginal discs. dPaip2 strongly inhibits translation in vitro, as was shown for hPaip2 (27) . 
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Thus, dPaip2 most likely inhibits growth by repressing translation. Translation is a major target of growth control, as cells need to increase their protein content before they can divide in order to ensure daughter cell survival (reviewed in reference 22). Deregulation of translation has often been associated with growth defects. For example, in Drosophila, a collection of mutations in genes encoding ribosomal proteins (known as Minute mutations) have low overall growth rates and are delayed in development (reviewed in reference 33). Interference with the formation of the eIF4F complex at the 5Ј end of the mRNA by the translation suppressor d4E-BP results in a reduced-growth phenotype (38) . Mutations in the translation initiator factors deIF4E and deIF4A caused a more dramatic larval growth arrest phenotype (17, 31) , which is similar to that seen upon amino acid starvation (4, 5) . It is well established that nutrient starvation causes inhibition of translation by affecting discrete translational-control pathways (reviewed in references 28 and 37). A number of signaling pathways have been implicated in the promotion of cell growth. Nutrient availability plays a key role in growth, and the insulin-signaling pathway coordinates cellular metabolism with nutritional conditions (5). The insulinsignaling pathway promotes translation via stimulation of S6K and inactivation of the translational repressor 4E-BP (reviewed in reference 37). Ectopic overexpression in Drosophila of positive components of the insulin-signaling pathway, for example, dInr or dPI3K, or mutations in negative regulators, such as dPTEN and dTSC1/2, cause dramatic increases in cell size and, to a lesser extent, increases in cell numbers (reviewed in references 34 and 37). Moreover, mutations in these same positive signaling components, or ectopic overexpression of the negative regulators, such as a highly active version of d4E-BP (38) , primarily reduce cell size and have significantly weaker effects on cell numbers (with the exception of dS6K, which affects only cell size) (39) . In addition, increased insulin signaling stimulates transition through the G 1 /S phases of the cell cycle, but the overall doubling time of these cells is unchanged due to a compensatory lengthening of the G 2 /M phases. Hence, this pathway seems primarily to stimulate mass accumulation, creating an imbalance between growth and proliferation signals, which results in an alteration of cell size. The reasons for this imbalance remain unclear. dMyc and dRas also control cell growth (reviewed in reference 22). Ectopic overexpression of dMyc or activated dRas (dRas V12 ) promotes growth and results in increased cell size and numbers. Conversely, loss of the dMyc gene inhibits growth and results in fewer and smaller cells (23) . Interestingly, dRas appears to as well as molecular size markers, are indicated on the right and the left, respectively. (C) Capped-luciferase mRNA labeled in the poly(A) tail (c ϩ LucA ϩ *) was incubated in S2 cell-free translation extracts in the presence of exogenous cold poly(A) RNA (Sigma), GST, or increasing concentrations of GST-dPaip2 and subjected to UV cross-linking followed by autoradiography (top). The membrane shown was then subjected to Western blot analysis with anti-dPABP antibody (bottom). (D) Immunoprecipitation (IP) with anti-dPABP antibody or preimmune (PI) serum of UV-cross-linking mixtures containing either GST or GST-dPaip2. The immunoprecipitates were resolved by SDS-PAGE and visualized by autoradiography; 30% of a GST-containing cross-linking mixture (input) was run as a control. upregulate dMyc at a posttranscriptional level. Similar to the insulin-signaling pathway, overexpression of dMyc and dRas affects growth in an unbalanced fashion, as they also shorten the G 1 phase of the cell cycle and the G 2 phase is lengthened to compensate. However, these proteins have weaker effects on cell size than components of the insulin-signaling pathway.
In contrast to the insulin-signaling pathway and to dMyc and dRas, cooverexpression of dCdk4 and dCyclin D promotes growth and accelerates cell cycling (9) . This results in a balanced, proportional cell growth in which cell size remains unchanged while cell numbers increase. Consistent with this finding, deletion of the Cdk4 gene represses growth without altering cell size and leads to a decrease in cell numbers (36) . Interestingly, the phenotypes observed upon loss of the Cdk4 gene are similar to the phenotype of dPaip2 overexpression. In dividing cells of the wing discs, dPaip2 decreases cell numbers without reducing cell size, while in nonproliferating cells of the larval fat body and of the eye, dPaip2 overexpression decreases cell size. These tissue-specific effects are consistent with an inhibition of growth. In proliferating cells, the reduced translation capacity of the dPaip2-overexpressing cells likely affects all phases of the cell cycle equally. The reduced growth of these cells results in longer cell doubling times, but growth remains coordinated with proliferation and cell size is not affected. Consistent with a primary effect on growth, the nonproliferating cells of the eye and the larval fat body are reduced in size owing to impairment in translation. It is unclear at present why d4E-BP overexpression creates an imbalance between growth and proliferation signals (see above), which leads to an alteration in cell size, while dPaip2 does not. The different sensitivities of some mRNAs to these translational inhibitors might be responsible for the different phenotypes.
What is the molecular mechanism by which dPaip2 mediates its effect on cell growth? A likely possibility is that dPaip2 reduces growth by inhibiting the interaction of dPABP with the poly(A) tail, thus disrupting the mRNA 5Ј-3Ј loop and inhibiting translation (24, 27) . eIF4F disproportionately stimulates the translation of mRNAs containing extensive secondary structures in their 5Ј UTRs, which mainly encode growth factors and their receptors, cyclins, and other mitogens (reviewed in references 19 and 54). For example, the level of cyclin D1 increases when eIF4E is overexpressed (43, 44) . Inasmuch as PABP stimulates the translation of a subset of mRNAs by activating eIF4F, dPaip2 inhibition of translation might disproportionately affect the same subset of mRNAs. Cyclin D and Cdk4 are interesting candidates. It would be important to link dPaip2 and cyclin D/Cdk4 translation. In addition, the translation of some mRNAs might be especially sensitive to the level of dPABP or dPaip2.
The phenotypes observed upon overexpression of dPaip2 in different tissues are less dramatic than would have been expected from the in vitro translation experiments (ϳ80% inhibition of translation). It is conceivable that dPaip2 levels in vivo are tightly regulated to prevent deleterious interference with PABP function (PABP's gene is essential). There is one Drosophila homologue of Paip1 (dPaip1; GenBank no. AE003804; Gadfly no. CG8963) that has not been studied yet. Since Paip1 stimulates translation, it is possible that it counteracts the effects of overexpression of the repressor dPaip2 (8, 27) . dPaip2, like Paip1, eRF3, ataxin-2, and Tob (11, 29, 45) , interacts with the C-terminal domain of PABP through its conserved PAM2 site (G. Roy and N. Sonenberg, unpublished data). The different PAM2-containing proteins might compete with Paip2 to modulate the activity of PABP and consequently attenuate the effects of dPaip2 overexpression. Furthermore, since hPaip2 is a phosphoprotein (A. Kahvejian, B. Raught, A.-C. Gingras, and N. Sonenberg, unpublished data), it is possible that dPaip2 is also a phosphoprotein and that its activity is controlled by its phosphorylation state.
In conclusion, we have demonstrated that dPaip2 is an inhibitor of cell growth, most likely because of its ability to repress translation. This study also highlights the importance of regulating PABP function in translation and growth. This system should serve as a basis to identify regulators of dPaip2 activity by screening for genetic interacting partners.
